chemotherapeutic agents. Among them, anthracyclines are highly effective at treating certain cancers. However, their use is limited by the potential for cardiotoxicity. Several studies address a wide range of the incidence of cardiotoxicity, which is related to differences in the definitions, chemotherapy regimens, and patient populations. The occurrence of clinical heart failure (HF) seems to be between 1% and 5%, and asymptomatic decrease in the left ventricular function is in the range of 5% to 20%.
1)2)
Recent development in the field of oncology, including early diagnosis and new anti-cancer-drugs, have increased the survival of cancer patients and accordingly, be more likely to have cardiac damage, as like HF by cardiotoxic chemotherapy. Moreover, patients with cancers are mostly older, and likely to have concomitant ischemic heart disease. This confers them more vulnerable to cardiac insult from cardiotoxic chemotherapeutic agents. HF induced by chemo-therapeutic agents may compromise the clinical effectiveness of chemotherapy, affecting the patient's survival and quality of life, independently of the prognosis related to the cancer per se.
The representative cardiac toxic chemotherapeutic agents are anthracycline (ANT), including adriamycine, epirubicine and daunorubicine, which are mainly used in patients with breast cancer, lymphoma and sarcoma. In view of the vastly growing number of patients with breast cancer in Korea, who will most likely receive chemotherapy, including ANT, it is necessary to look for strategy of managing or preventing chemotherapy induced HF. When we consider that ANT-induced cardiomyopathy is irreversible and seems to have a similar impact on survival as the other forms of HF, the prevention is mandatory.
3)
Although the mechanism of ANT-induced cardiomyopathy is not fully elucidated, the oxidative stress is believed to be most plausible [4] [5] [6] [7] [8] among many suggested ones, including apoptosis, elevated calcium accumulation in mitochondria, and modulation of cardiac gene expression.
4-6)
There have been reports on the potential benefit of N-acetylcysteine (NAC), a representative antioxidant, in preventing doxorubicin cardiac toxicity in mouse models. 9) There has been, however, no clinical trial to date dealing with humans. We investigate a short-term high dose NAC as a potential drug for the prevention of ANT induced cardiomyopathy. This is the first clinical trial to reappraise the potential of NAC as preventive strategy for preventing chemotherapy induced cardiac toxicity.
Subjects and Methods
The "Evaluation of Short-Term Use of N-acetylcysteine as a Strategy for Prevention of Anthracycline-Induced Cardiomyopathy (EPO-CH)" trial was conducted in Hallym University Sacred Heart Hospital, in Korea from June 2008 to December 2010. A total of 103 patients, who meet the inclusion criteria, were allocated to each study arm. All the patients have breast cancer or lymphoma and receive ANT based chemotherapy as doxorubicin or epirubicine.
The inclusion criteria were as followings: patients with only right breast cancer who can protect the heart from radiation therapy on the breast. Patients were first diagnosed with cancer at this time and received chemotherapy, 19 years old or more, the baseline left ventricular ejection fraction (LVEF) ≥50% and patients who agreed to an informed consent.
Exclusion criteria are as follows: the baseline LVEF <50%, patients with HF, patients with dilated cardiomyopathy or restrictive cardiomyopathy, moderate or severe aortic or mitral valve insufficiency, patients who were previously diagnosed with cancer, patients who received previous chemotherapy or radiation therapy at any organ at any time, patients with left-sided breast cancer, aspartate aminotransferase (AST)/alanine aminotransferase (ALT) 3-times or more of upper limits, creatinine kinase (CK) over upper normal limits, patients who received other antioxidant as vitamin C, E or probucol within 3-month before chemotherapy and life expectancy of less than a year.
Primary endpoint
The primary endpoints of EPOCH trial is the decrease of LVEF absolutely 10% or more and concomitant reduction below 50% at 6-month follow-up echocardiography, after the completion of whole cycles of chemotherapy.
Secondary endpoints
The secondary endpoints are LVEF decrease of absolute value of 10% or more, peak CK, CK-MB and cTnI at the end of each cycle of chemotherapy, and LVEF and Doppler parameters as peak E, A, E/A at 6-month after the completion of chemotherapy measured with echocardiography. Clinical outcomes, including all cause mortality, HF, and re-hospitalization, were also compared at 1-, 3-, 6-and 12-months after the whole cycles of chemotherapy.
Randomization
Eligible patients were randomly assigned to receive NAC or placebo. Patients were randomized 1 : 1, by a computer-generated permuted block of 6 patients to ensure the balanced assignment of patients to each group. Randomization codes were provided by the research nurse at Hallym University Sacred Heart Hospital Cardiovascular Center.
Study protocol
After identification of the study candidates, informed consent was obtained and eligible study patients were randomized. Patients randomized to the NAC group received 1200 mg every 8 hours, for 2 days: thrice before ANT administration, with the last dosing just 1 hour before ANT administration, because the best results were attained from the previous animal study with that schedule; 9) and thrice after ANT administration, beginning 8-hours after the chemotherapy in every cycle. A total of 7200 mg of NAC was administered with six 1200 mg doses per cycle. Adriamycine was injected with one bolus through the peripheral venous route, and epirubicine was also administered intravenously over 3-5 minutes. Other combined chemotherapeutic agents are administered by routine protocols of chemotherapy. This protocol was repeated in every 4-6 cycles. Therefore, the total dose of NAC ranges from 28800 to 43200 mg through the whole chemotherapy.
All study patients underwent a baseline laboratory test, including cardiac markers and echocardiography. LV systolic function, LV chamber size and mitral inflow pattern are measured within a week before the 1st cycle of chemotherapy. The cardiac markers as CK, CK-MB, and cTnI were measured per 24 hours in each chemotherapy cycle, for 2 days after each ANT administered, and echocardiographic follow up at 6-month after last chemotherapy was also performed. The clinical outcomes, including all cause death, HF, and unscheduled re-hospitalization, were also compared at 1-, 3-, 6-and 12-month after the last chemotherapy.
Sample size calculation and statistics
The primary endpoint is the decrease of LVEF ≥absolute value of 10% from the baseline and concomitantly decline below 50% reflecting the definition of chemotherapy induced cardiotoxicity from international oncological guidelines.
10)11)
We assumed patients who received NAC will attain significantly lower primary outcome, as compared to the control, 10% in the NAC treatment group and 35% in the control group, referring to the similar clinical trial using enalapril, as a study drug.
12) Therefore, the dif- 
Heart failure (n, %) 0 (0) 0 (0) Defined as total cholesterol level ≥240 mg/dL or patients who have taken statins. BMI: body mass index, LVEF: left ventricular ejection fraction, CAF: cyclophosphamide+adriamycine+fluorouracil, AC: adriamycin+cyclophosphamide, CEF: cyclophosphamide+epirubicine+fluorouracil, CHOP: cyclophosphamide+adriamycine+vincristine+presnisone, NAC: N-acetylcysteine, BUN: blood urea nitrogen, hs-CRP: high sensitivity C-reactive protein ference is 25% between the 2 groups. Using this assumption, the study population of 43 patients per group would permit a 2-sided significance level of 5% and 80% power. To allow for the possibility of patients lost during follow-up, incomplete data collection, and protocol violations (20%), the planned sample size was 54 patients in each group.
The baseline demographic and procedure-related characteristics were analyzed from the intention-to-treat population. Laboratory data, including follow-up echocardiography parameter measurements, were analyzed from the per-protocol population. Continuous variables were expressed as the means and standard deviations, while categorical variables were expressed as absolute numbers and proportions of patients in a given category. Data were compared using the chi-square test or Fisher's exact test (categorical variables) and the Student t-test (continuous variables).
Results

Patients' demographics and disposition
Between June 2008 and December 2010, 103 were randomized to receive either NAC (n=50) or control (n=53). After exclusions, due to protocol violations, incomplete laboratory test results, and insufficient follow-up, 47 patients receiving NAC and 52 patients in control were included in the per-protocol analysis. Cancer type, chemotherapeutic regimen, total dose, and number of cycles were comparable. The demographic and baseline data are provided in Table 1 . The patient groups did not differ significantly.
Primary endpoint
Three patients in the NAC group (6.4%) and 1 patient in the control group (1.9%) had a decrease of LVEF by absolute value of ≥10% and below 50% at the 6-month follow-up echocardiography, after the completion of whole cycles of chemotherapy, including ANT (p= 0.343) (Fig. 1) .
The mean LVEF significantly decreased in both groups; from 64.5 to 60.8% (p=0.001) in the NAC group and from 64.1 to 61.3% (p< 0.001) in the control group after chemotherapy. The mean absolute LVEF change was not different in the two groups (-3.64% in NAC vs. -2.78% in control, p=0.502) ( Table 2) .
Four patients who experienced the ANT-induced cardiomyopathy were older and received relatively high dose of cumulative dose of chemotherapeutic agents. Their LVEF were reduced by 14-17% from the baseline (Table 3) .
Secondary endpoints
The incidence of LVEF decrease by absolutely ≥10% irrespective of final LVEF was 19.1% (9/47) in NAC and 7.7% (4/52) in control with no significance (p=0.092).
Left ventricular end systolic dimension (LVESD) was significantly increased after the whole cycles of ANT chemotherapy in both the NAC (from 29.5 mm to 32.7 mm, p<0.001) and control groups (from 30.5 mm to 32 mm, p<0.001). However, no difference was found in the absolute changes (Table 2) . On the contrary, left ventricular end diastolic dimension (LVEDD) does not change after chemotherapy in both groups; the NAC (p=0.661) and control groups (p=0.352). The absolute change of LVEDD was similar in the NAC and control groups ( Table 2 ).
Other echocardiographic parameters as peak E, A, E/A and E/E' did not change in both groups and the absolute change was also comparable between the two groups ( Table 2) .
Another secondary endpoint of peak cardiac enzymes (CK, CK-MB and CTnI) at each cycle of chemotherapy is also similar in the two groups. All the cardiac enzymes did not increase through the whole chemotherapy schedules in both groups (Table 4) .
No patients complained of symptoms related to arrhythmia like palpitation or escaped the beat during or after chemotherapy with ANT.
Clinical outcomes
There was no difference in terms of the composite all-cause mor- tality, HF and re-hospitalization at 1-, 3-, 6-and 12-month in the NAC and control groups (Fig. 2 , Table 5 ).
Discussion
Risk factors for ANT-induced cardiomyopathy include the following; age greater than 70 years, diabetes, gender, hypertension, liver disease, poor nutrition, mediastinal radiotherapy, previous cardiac disease, or simultaneous administration of other antineoplastic agents, such as cyclophosphamides, actinomycin D, bleomycin, cispl- The sum of the Ns (n=99) does not equal the total number of patients (n=103) in the intention-to-treat analysis because echocardiography was not performed in 4 patients. LVESD: left ventricular end systolic dimension, LVEDD: left ventricular end diastolic dimension, EF: ejection fraction The most beneficial and convenient methods for preventing cardiomyopathy has been found with limitations on the amount of drugs used, and alternate drug-delivery methods, such as continuous infusion rather than rapid bolus injection. In a group of 630 patients receiving doxorubicin, Swain et al. 15) found that HF developed in less than 5% of patients receiving a cumulative dose of 400 mg/m 2 of body surface area, 16% of patients at a dose of 500 mg/m 2 , 26% of patients at a dose of 550 mg/m 2 , and 48% of patients at a dose of 700 mg/m 2 . 13) An empirical dose limit of 500 mg/m 2 of body surface area is suggested as a strategy to minimize the risk of ANT induced cardiomyopathy.
16)
More actively, some potential antioxidative drugs have shown promise in animal models, although it is not clear how well these models predict human response. Those are sodium tanshinone IIA sulphonate, centella asiatica, vitamin E, vitamin A and probucol.
5)9)17)18)
Other agents, including erythropoietin, 19) thrombopoietin 20) and iloprost, 21) also demonstrated positive results, although, they are smallsized animal studies.
In a clinical view point, enalapril and carvedilol appear promising.
12)22)
They may exert their effect through blocking oxidative stress caused by chemotherapy, as well as inhibiting renin-angiotensin-aldosterone systems or sympathetic nervous system, accompanied by hemodynamic change of the heart. However, the use of these drugs has some limitations to apply in clinical practice. They require a long time to get their efficacy as much as 6-12 months irrespective of status of having hypertension. As a consequence, compliance may be problematic, and there is no data regarding how the LV function can change after completion of the medications. More importantly, there is no supporting data thereafter. As such, it is yet too early to routinely recommend enalapril or carvedilol to protect the heart from cardiotoxicity. N-acetylcysteine has been used for mucolytics and antidote for over dosed drugs in the emergency department, and some other medical area to derive antioxidative property because it has some merits for its very safe profile with low side effects, low cost and easy availability. Old data from an animal study with a mouse model demonstrated very promising results with short-term high dose NAC, especially just before chemotherapeutic agent administration. The survival rate was as high as 62.3% in NAC, as compared to 0% in the control group.
9)
The dose of NAC use in this study is as high as 100 mg to 2000 mg/kg, and the efficacy is linearly increased in proportional to the dose used.
9) However, there is no data of using NAC for preventing ANT-associated HF in humans. As far as we are aware, this is the first study to evaluate NAC, the representative antioxidant in ANTinduced cardiotoxicity. However, current prospective randomize trial does not demonstrate that NAC protects the heart form decrease of LVEF, and enlargement of LV and influence the mitral inflow pattern. On the contrary the NAC-treated group showed higher trend for an increase of LVESD, as compared to the control (p=0.064). The rate of primary outcome occurrence is so little and this mainly attributed to the negative results of the whole study. The first reason of negative results could be attributed to somewhat of a short period and small dose of NAC usage. We adopted the schedule and doses of NAC as 1200 mg 3-times a day for 2 days referring to other similar trials for the prevention of kidney function deterioration after intra-arterial administration of contrast media with NAC. 23) Because the main mechanism of developing renal damage, by contrast media, is suggested as reactive oxygen free radicals, which are also the main plausible cause of ANT-induced cardiac toxicity. When being used in drug intoxication, the NAC are given even higher dose to neutralize toxicity; 150 mg/kg for full drip and 50 mg/kg for 4 hours, followed by 100 mg/kg for 16 hours, and totally 300 mg/kg for 20 hours. According to this regimen, the total dose of NAC for adult with body weight of 60 kg is 18000 mg. Moreover, considering the total dose of 2000 mg/kg in a mouse model in a positive animal study, our drug dose may be small.
The duration may be of importance. As mentioned earlier, in the clinical trial with positive results, researchers used enalapril or carvedilol for 6-to 12-month after chemotherapy. Therefore, the period of NAC exposure in the current study may not be adequate to exert full antioxidative effect.
Secondly, the study patients in EPOCH trial are at-low risk for developing cardiomyopathy. The mean age is relatively young (approximately 50 years old), has little risk factors of HF and relatively low dose of ANT used.
EPOCH trial has some limitations. Firstly, this study is under powered in statistics. We referred to the prior study dealing with the efficacy of enalapril on the prevention of ANT-cardiomyopathy, in estimating the number of study patients as described above.
12) The primary outcome of EF decrease ≥10% unit associated with under 50% was the same criteria as our study. It occurred at a rate of 43% in the reference study. 12) We assumed the primary outcome rate as 35%, considering it would occur less than that of the reference study, in which the sicker patients with elevated TnI after first chemotherapy were enrolled.
12)
However, the incidence of ANT-induced cardiomyopathy in our study is too little, as compared to the pre-defined assumption. Consequently, our study is underpowered and the results are inconclusive in proving the NAC's efficacy.
Secondly, we did not measure the B-type nitriuretic peptide (BNP). Although echocardiography is the gold standard for detecting ANTinduced cardiomyopathy, some researchers suggest early detection may be possible by measuring the biomarkers like cTnI and CK-MB. We routinely measured the cTnI and CK-MB in each cycle, but not the BNP, mainly due to the limitations of research grants. Natriuretic peptides have shown promising results in the assessment and monitoring of acute, late clinical and subclinical damage of the myocardium, in association with chemotherapy. Thus, measuring BNP would have been beneficial in proving NAC's efficacy. [24] [25] [26] Thirdly, if we have measured and used tissue velocity and strain imaging, they also would have revealed benefit of NAC by early detection of preclinical change of LV systolic function before echocardiographic LVEF change.
27)
Although the current study has failed in proving the efficacy of NAC, this makes us perceive that positive findings in-vivo and in-vitro study cannot always be translated into clinical settings. Future studies with high dose and/or longer duration regimen of NAC may resolve the query regarding the true effectiveness of NAC in ANTassociated cardiomyopathy.
In conclusion, this prospective randomized controlled trial cannot demonstrate that NAC prevents ANT induced cardiotoxicity. Although this study is underpowered, which is mainly attributed to the small primary event rate and could not prove the true efficacy of NAC, the use of NAC should be postponed until more supporting evidence is revealed.
